Abstract. The present paper describes a completely new method for radical determination based on spin trapping reaction suitably adapted for the electrochemical determination of radical species. First of all benzylidenephenylnitrone was synthesized and then immobilised in a PVC-sebacate membrane. Lastly, this membrane was used to assemble different kinds of selective potentiometric sensors and CHEMFETs. These analytical devices were then used to determine free radical species, principally the anion superoxide radical and, in one case, also the hydroxide radical.
Introduction
Despite the importance of ox y ge n -f ree radicals and their involvement in serious diseases their determination is curre n t ly perfo rmed mainly by ESR (Electronic Spin Resonance) [1] , the best method, but rather expensive and difficult to apply, or else by using some specific reactions followed by spectrophotometric detection [2] . There are, for instance, comparatively few methods based on electrochemical measurements for determining free radicals. On the other hand, electrochemical sensors are generally inexpensive and easy to construct and use. In some cases they can even operate in situ. We thus recently approached the problem starting from the determination of oxygen free radicals, in particular the superoxide radical. To this end, on the one hand, we based our approach on the superoxide dismutase enzyme biosensor, which is somewhat similar to that used by E.J. Land et al. [3] and more recently by Min Ik Song et al. [4] ; on the other hand, we proposed a voltammetric system based on the detection of reduced cytochrome c: this system has also been applied in order to develop a suitable a m p e ro m e t ric carbon paste electrode [5] , while the third approach, i.e. the one presented in this paper, describes the main results obtained by assembling two new electrochemical sensors (one a classical selective membrane potentiometric sensor and the other a solid state glassy carbon or CHEMFET) all suitable for the determination of superoxide radicals, but, in the case of the classical sensor, also other free radicals (e.g. the hydroxide radical). Both these devices are based on using a selective membrane to entrap the benzylidenephenylnitrone. The benzylidenephenylnitrone selective membrane sensor is based on the peculiar properties of this substance wh i ch can ge n e rate adducts when it re a c t s with radicals: (1) benzylidenephenylnitrone radical adduct By means of this spin trapping reaction, starting from a less stable radical, it is possible to obtain a paramagnetic adduct that can be determined, for instance by electron spin resonance [6] . On the basis of the described possibility of obtaining an adduct of nitrones and free radicals, it is poss i ble to prep a re a nitrone-containing PVC-seb a c ate membrane to be used in the assembly of both radical selective potentiometric sensors (classical or glassy carbon) and a new CHEMFET device for superoxide and hy d roxide ra d i c a l determination.
Experimental

Reagents and Apparatus
The following reagents were used: benzylphenylamine, 2-m e t hy l p i p e ri d i n e, sodium tungstate bihy d rat e, supplied by Aldrich (Steinheim, Germany); hydrochloric acid, hydrogen p e rox i d e, i s o p ro pyl alcohol, cy cl o h ex a n o n e, ch l o ro fo rm , d i ch l o ro m e t h a n e, m e t h a n o l , potassium ch l o ri d e, s o d i u m hydrate, sodium metabisulphite, anhydrous sodium sulphate, tetrahydrofuran (THF) were supplied by Carlo Erba (Milan, I t a ly); bis-(2-ethy l h ex y l ) s eb a c at e, high molecular we i g h t p o ly v i ny l ch l o ride (PVC), xanthine oxidase (XOD) fro m milk derivat ives 0.39 U·mg -1 f rom Fluka (Buch s , S w i t ze rland); fe rrous ch l o ri d e, sodium carbonate fro m M e rck (Darm s t a d t , G e rm a ny); ethy l e n e d i a m i n e t e t ra a c e t i c acid (EDTA) disodium salt, xanthine (2,6-dihydroxy purine) sodium salt supplied by Sigma (Norfolk, MO, USA).
For the nitrone electrode experimental measurements an Amel sat u rated calomel electrode was used as re fe re n c e electrode. Both electrodes were connected to an Orion Mod. EA 940 multimeter connected to an Amel 868 analog u e recorder. The instrumentation used for the CHEMFET meas u rements was supplied by CPL Elettronica S. r.l. (Rome, Italy).
In all cases the electrodes dipped into a 50 mL glass measuring cell supplied by Marbaglass (Rome, Italy) fitted with a Julabo V thermostat. The solution in the cell was cons t a n t ly stirred using a magnetic stirrer supplied by Ve l p Scientifica (Milan, Italy) provided with a magnetic anchor.
The IR spectra were recorded using a IR-470 Shimadzu spectrophotometer with CHCl 3 as solvent.
The NMR spectra were recorded on a Gemini 200 MHz spectrophotometer with CDCl 3 as solvent.
Methods
Synthesis and characterization of benzylidenephenylnitrone
B e n z y l p h e nylamine (a comparat ive ly ch e ap and re a d i ly available product) was used as starting compound and was oxidized using H. Mitsui's procedure [7] .
(1) A 30% solution of H 2 O 2 (5 equivalents) at 0 °C and under a flow of Ar was added to 10 mL of an aqueous solution of benzylphenylamine (0.02 mol), sodium tungstate bihydrate (0.01 mol) and 2-methylpiperidine (2.5 equivalents) placed in a two-necked flask fitted with a magnetic stirrer and rubber baffles.
The reaction mixture thus obtained was allowed to stand for 30 min at 0 °C under constant stirring. It was then heated to 25 °C and maintained at this temperature for a further 30 min, again under constant stirring and in a flow of Ar.
At the end of the reaction sodium metabisulphite wa s added to the mixture to remove excess oxidizing agent, and then sodium chloride added until a saturated solution was obtained. The desired product was then extracted from the aqueous mixture by shaking the latter with small portions of dichloromethane. The extracts were then combined and dried over anhydrous Na 2 SO 4 . After filtering, the organic phase was evaporated under reduced pressure. The crude product thus obtained was purified by flash chromatography on silica gel (eluent CH 2 C l 2 / C H 3 OH (99:1 v/v)) to obtain the desired product with a yield of 68% by weight. ): all the characteristic peaks of the secondary starting amine, i.e. those at 3495 (stretching NH), at 1600 (bending NH), at 1505 (bending NH) and at 1340 (stretching C−N) have disappeared.
NMR (CDCl 3 , δ ppm): the multiplet of the starting amine at 4.20 (m, 2H, CH 2 ) referring to the CH 2 in α position with respect to the phenyl has disappeared together with the multiplet at 3.78 (m, 1H, NH) referring to the NH; all the signals referring to the aromatic rings, namely the multiplets at 8.38 (m, 2H, CH), at 7.75 (m, 2H, CH), at 7.48 (m, 5H, CH) and the singlet referring to CH: 7.91 (s, 1H, CH) remain.
Preparation of the PVC/sebacate selective membrane
The PVC membrane was prepared from a polyvinylchloride solution in tetrahydrofuran (165 mg in 3 mL) using a procedure described in a previous paper [8] . The mixture was s t i rred mag n e t i c a l ly for 2 h at ambient temperat u re until complete dissolution was obtained. Then, 10 mg of the previously synthesized nitrone, which is perfectly soluble in the solvent chosen, were added. The final product was rendered more plastic by adding to the mixture 360 µL of bis(2-ethylhexyl)sebacate as plasticizer and stirring was continued.
As soon as a homogeneous solution was obtained it wa s poured into a glass capsule having a diameter of 50 mm. After 12 h, during which the solvent was allowed to evaporate, a 0.2 mm thick membrane was obtained to be used to assemble the electrode.
Assembly of the classical-type benzylidenephenylnitrone potentiometric sensor
A portion of the PVC membrane containing the nitrone was glued to the end of a PVC tube (threaded at the opposite end) using PVC dissolved in cy cl o h exanone as adhesive. After allowing to stand for 24 h and having ensured that the membrane was securely glued to the cylindrical support, the PVC tube was filled with the prepared internal solution ( 
Assembly of glassy carbon benzylidenephenylnitrone potentiometric sensor
The nitrone sensor was also assembled as a solid state sensor: as shown in figure 1b, the head of a glassy carbon elect rode was cove red with a selective poly m e ric membra n e obtained by depositing 50 µL of a tetrahydrofuran solution (1.5 mL) containing 30 mg of PVC base polymer, 66 mg bis(2-ethylhexyl)sebacate and 4 mg (4% by weight) of benzylidenephenylnitrone and allowing the solvent to evaporate completely at ambient temperature for 24 h.
Assembly of the benzylidenephenylnitrone CHEMFET
A second type of solid state sensor was obtained using a field effect transistor (FET) as transducer.
For this purpose [9] an integrated chip was used (UUO3 type, supplied by the HEDCO Laboratory of Utah University (USA)). This chip (overall dimensions 1.28 mm × 2.16 mm) contained two 400 µm × 20 µm gates and two metal gate control devices. The chip was accurately washed before use with isopropyl alcohol and then glued using an epoxy resin to a plastic stick, which was subsequently connected to the electrical measurement system. After making the electrical connections with an ultrasonic wire-bonder (Ku l i cke and Soffa, model 4123, Switzerland), the chip was encapsulated in an epoxy resin (EPON 825+ Jeffamine D-230) body, leaving free only the area of the two gates. The FET gate was then cove red with the poly m e ric membrane made of p o ly v i ny l ch l o ride (PVC) seb a c ate and containing benzylidenephenylnitrone. This was done by stirring for about 5 h a suspension consisting of 30 mg of PVC as base polymer, 66 mg di bis(2-ethylhexyl)sebacate as plasticizer and 4 mg (4% by weight) of benzylidenephenylnitrone in 1.5 mL of tetrahydrofuran. The solvent was allowed to evaporate partially in order to obtain a sufficiently viscous suspension. A drop (about 50 µL) of this suspension was deposited on the FET gate area, taking care to avoid air bubble formation, and left to dry at room temperature for 24 h. 
Performance of measures using nitrone sensors
The sensor (classical selective membrane type, or solid state (glassy carbon or FET)), assembled as previously described, was dipped, together with a satur ated calomel reference electrode, in the measuring cell fitted with a glass jacket and thermostatted at 25°C, containing 25 mL of the measurement solution (which, in the case of superoxide radical measures, consisted of carbonate buffer 0.05 mol L KCl 0.01 mol L −1 , EDTA 1 × 10 −4 mol L −1 and xanthine oxidase 0.12 mg mL −1 , while, in the case of hydroxide radical measures it consisted of EDTA 2.0 × 10 −2 mol L −1 , FeCl 2 2.0 × 10 −2 mol L −1 at pH 5.0): both sensor and reference electrode were connected to a potentiometer from which the membrane potential could be read off, in the case the sensor was of the classical potentiometric or glassy carbon type, while the output voltage potential was recorded on special measuring apparatus, as described in preceding papers [9] in the case of a FET-based solid state sensor. In all cases the variations in potential before and after addition of reagent able to develop the free radical in situ we re re c o rded as described in the following section.
Generation in situ of superoxide radicals
One classical method for generating superoxide radicals in the aqueous phase exploits the reaction of xanthine oxidation by xanthine oxidase [10, 11] :
In the ex p e riments described in the present pap e r, t h e superoxide radical species was generated in situ in the aqueous solution of carbonate bu ffer 0.05 mol L -1 , E D TA 1 × 10 -4 mol L -1 , pH 10.2 containing 0.12 mg mL -1 of xanthine oxidase.
Generation in situ of hydroxide radicals
Hydroxide radicals can be generated in situ in aqueous solvent using a procedure known as "Fenton's reagent" [2, 12] : the latter consists in the reaction of H 2 O 2 with an equimolar solution of fe rrous ion and EDTA wh i ch pro d u c e s hydroxide radicals according to the following reaction: 
Results
As described previously, the selective membrane sensor containing the benzylidenephenylnitrone was based on the peculiar property of this type of substance (nitrones) to produce reaction adducts with free radicals through the socalled spin trapping reaction.
It is thus necessary to prepare a membrane containing a nitrone, which it had been possible to use to build a radicalselective potentiometric sensor.
It was initially hypothesized that the substance capable of e n d owing the membrane with selectivity towa rds ra d i c a l species might be one of those already used in the spin trapping technique, that is, one of the substances used in spin electronic resonance to stabilize the radical, i.e. nitrones or N-oxides available also on the market. In fact several comm e rc i a l ly ava i l able nitrones and N-oxides are commonly used to determine radicals by means of spin electronic resonance, although they are species that are highly soluble in aqueous solution. This represented a barrier to the direct use of one of the commercial species as, in order to dissolve it in a PVC and sebacate membrane, it would be necessary to use a nitrone that was not too hydrophilic.
The procedure adopted was therefore to synthesize a suitable product having the characteristics described above and use it to build the selective membrane of the electrode. Of course, any such compound would have to have at least one lipophilic group (single or condensed aromatic rings, alkyl chains, etc.) to make it comparatively insoluble in water.
B e n z y l i d e n ep h e ny l n i t rone was thus synthesized for this purpose (see reaction (1)).
After synthesizing the required nitrone and immobilizing it in the PVC membrane and using the latter to build a classical potentiometric membrane sensor, as described in the E x p e rimental section, the analytical device was used to determine two different radical species: the superoxide anion radical and the hydroxide radical.
The results for the first of these two radical species are s h own grap h i c a l ly in fi g u re 3, in wh i ch sensor response (in mV) is plotted against the logarithm of the concentration of the added species, while the main analytical re s u l t s obtained are set out in table I. As can be seen, the system displays a good response linearity over a range of about one decade.
To confi rm that the system was functioning reg u l a rly blank tests were then carried out by assembling the sensor using a PVC and sebacate membrane not containing the benzylidenephenylnitrone species required for determining the radicals. The results of the blank test are compared with those of the preceding tests in figure 3 . It is apparent how, in the absence of the nitrone species, as there is no way of fo rming the adduct between the latter and the ra d i c a l 226 Original articles ) : y = -11.8 (± 2.4) . log x + 57.2 (± 6.2). xanthine oxidase → species, no variation is observed in the signal emitted by the system that can be related to the xanthine additions, while only a slight drift in the signal itself is recorded.
As further confi rm ation of the sensor's capacity to respond to radical species the determination of a different radical species, n a m e ly the hy d roxide ra d i c a l , was performed. This radical was generated in solution by addition of H 2 O 2 (Fenton's reagent) as described in the Experimental section. Also in this case (see Fi g. 4) va ri ations we re observed in the sensor signal corresponding to the additions to the solution of amounts of the species capable of generating the radical and the main analytical data are summarized in table I. Of course, also in this case a blank test was run. It was found (Fig. 4) that in the absence of nitrone there were no appreciable variations in the signal.
Also in the case of the hydroxide radical the system's response was found to be linear over a concentration range of about one decade. Sensitivity was ap p a re n t ly gre at e r towards the hydroxide radical than towards the superoxide radical, as the value of the slope of the linear section of the calibration curve was about double that of the superoxide radical. The low detection limit, calculated as the concentration corresponding to three times the background noise, was in both cases about 0.03 mmol L −1 .
In view of the ease of their construction and the extreme fl exibility demonstrated by the solid state selective electrodes of the glassy carbon type built in recent years by our research group [13, 14] , we deemed it advisable to attempt construction also in this case.
The principal analytical data obtained by determining the s u p e roxide radical using the glassy carbon benzylidenephenylnitrone sensor are shown in table II, while the calibration curve and the related blank test curve are shown in figure 5 .
The results obtained so far using a modified FET based on a benzylidenep h e ny l n i t rone-based membrane are also summarised in table II and shown in figure 6 . Despite the low stability, it can be seen that, even at the present state of the art of the device, it is possible to record a signal that c o rre l ates re a s o n ably well with the concentration of the s u p e roxide radical produced in solution by the xanthine additions.
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Original articles with for the same radical. The possible functioning of the latter type of sensor has been tested since they are easy to miniaturize. However, several problems of stability remain to be solved which seriously jeopardise the repeatability of the response. Another current problem with this type of sensor is the short working life of the nitrone-containing membranes (see data in the respective tables). This seems to be largely due to a kind of "saturation" effect in the membrane due to the spin trapping reaction.
Conclusions
This research is a basic work in view of the small number of sensors for radicals reported in literature. One of the most interesting features of the work is, in our opinion, the preparation of the species lipophilic and capable of forming the adduct with the radicals, namely the benzylidenephenylnitrone. The synthesis of a lipophilic species that, as far as interaction with the radicals is concerned, behaves like the commercially available hydrophilic species, and the testing of its use in a selective polymeric membrane for the purpose of radical determination is without doubt a step forward in this research sector that will hopefully produce new analytical devices in future that are capable of providing not only an integral response for radical concentration, but probably also selective responses, provided that it is possible to prepare molecules that can ensure a spin trapping reaction using only one type of free radical.
In concl u s i o n , although the ab ove-mentioned pro bl e m s need further investigation, the results obtained in the present work provide a useful starting point for further research in this field. . log x + 50.5 (± 14.6).
